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Edited by Gerrit van MeerAbstract Equilibrium between the photoproducts of photoac-
tive yellow protein (PYP), present in a millisecond time scale,
was studied. The near-UV intermediate of PYP (PYPM) was
red-shifted by alkalization due to the deprotonation of the
chromophore (pKa = 10.2). In addition, a small amount of red-
shifted intermediate coexisted with PYPM. Its spectral shape in
the visible region agreed with that of PYPL, the precursor of
PYPM. The fraction of PYPL-like product was maximal at pH
10. It decays with a rate constant identical to that of PYPM.
These results indicate that PYPL-like product is in pH-depen-
dent equilibrium with PYPM and deprotonated PYPM.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Photoactive yellow protein (PYP) is a water-soluble photo-
receptor protein found in the purple phototropic bacterium,
Halorhodospira halophila [1]. The phenolic oxygen of its p-
coumaric acid chromophore in dark state is deprotonated, and
forms hydrogen-bonds with the hydroxy groups of Tyr42 and
Glu46 [2]. The absorption maximum of PYP is regulated by
these amino acid residues as shown by 10–14 nm red-shifts
upon mutation of these residues [3–5].
On photon absorption by the chromophore, it is isomer-
ized from the trans to cis form. PYP subsequently undergoes
a photoreaction cycle in which several intermediates are
formed [6–10]. In the last stage of the photocycle, a blue-
shifted intermediate (called PYPM, pB, or I2) is formed
(Fig. 1). PYPM has a lifetime of 100 ms and is considered
to be the signaling state. Accumulated evidence has shown
several reactions at the amino acid level that accompany the
formation of PYPM.
The chromophore of PYPL (a precursor of PYPM) remains
deprotonated and hydrogen-bonded with Tyr42 and Glu46
[11–14]. In this stage, diﬀerence in protein structure from the
dark state is small [11,12]. On the decay of PYPL, a proton at* Corresponding author. Fax: +81-743-72-6109.
E-mail address: imamoto@ms.naist.jp (Y. Imamoto).
Abbreviations: PYP, photoactive yellow protein from Halorhodospira
halophila; Gdn-HCl, guanidinium hydrochloride
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chromophore becomes electronically neutral and Glu46 nega-
tively charged (pB0 state). This rearrangement of the hydrogen-
bonding network around the chromophore induces a global
conformational change of the protein moiety [11,12,16,17]
(PYPM or pB). It then reverts to the dark state via putative
pBdeprot [18]. Recently, the photocycle of PYP was analyzed by
considering equilibria between the intermediates [18,19]. The
equilibria between pR (PYPL) and pB
0, and between pB and
pBdeprot were incorporated, but the transition from pB0 to pB
was considered to be irreversible. This reaction model repro-
duced the kinetics (time-resolved absorbance change) well, but
the shapes of the negative absorption band of the transient
diﬀerence spectra in the subsecond time scale were inconsistent
with the dark-state spectrum at the long-wavelength tail (460–
500 nm) [18]. In this wavelength region, there is no spectral
overlap between PYPM and PYP because PYPM is a blue-
shifted intermediate. Therefore, the disagreement between
spectra strongly suggests the coexistence of a red-shifted in-
termediate.
Here, we studied the photocycle of PYP at alkaline pH, at
which a signiﬁcant amount of red-shifted intermediate with an
absorption spectrum that agrees with that of PYPL is in
equilibrium with PYPM.2. Materials and methods
2.1. Sample preparation
PYP and its E46Q mutant were heterologously overexpressed by
Escherichia coli and reconstituted by adding p-coumaric anhydride
[3,20]. Because the thioester bond of the chromophore is readily hy-
drolyzed at high pH (pH > 10 in the presence of guanidinium hydro-
chloride (Gdn-HCl), pH > 11 without Gdn-HCl), PYP stock solution
(17 mg ml1) or lyophilized powder was suspended in the buﬀer at
alkaline pH just before the experiments.2.2. UV–visible spectroscopy
UV–visible spectra were measured by a multichannel ﬁber optics
system (S2000, Ocean Optics, USA). A deuterium lamp (Hamamatsu
Photonics, Japan) was used as the monitoring light source. Tempera-
ture of the sample was kept constant by circulating temperature-con-
trolled water. For steady-state measurement, the sample was irradiated
with a yellow light (>430 nm) obtained using a glass optical ﬁlter (Y45,
Asahi Techno Glass, Japan) and a cold light source (HL150, Hoya-
Schott, Japan). For the time-resolved measurements, the sample was
excited with a yellow ﬂash (>410 nm) obtained using a glass optical
ﬁlter (Y43, Asahi Techno Glass, Japan) and a short arc xenon ﬂash
lamp (SA200, Eagle, Japan), triggered by a delay pulse generator
(DG535, Stanford Research Systems, USA). The spectral measure-
ments were completed within 2 min.blished by Elsevier B.V. All rights reserved.
Fig. 1. Photocycle of PYP over microsecond time scale.
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PYP sample (pH 2.7, 20 C), in which about 70% of PYP is con-
verted to the colorless form due to protonation of the chromophore,
was irradiated with >450 nm light. As PYPM is extremely stable at pH
2.7, irradiation of the equilibrium mixture of PYP and its colorless
form accumulates PYPM completely. After conﬁrming no absorbance
at 446 nm, two volumes of 6 M Gdn-HCl were added to the sample to
denature PYPM. E46QM was similarly denatured after irradiating
E46Q at pH 3.6 at 4 C. Dark-state PYP and E46Q were denatured by
adding Gdn-HCl in the dark.
For pH titration, a small volume of 1–10 N NaOH was added to the
sample. The absorbance increase at diﬀerence maximum (400 or 411
nm) was plotted against pH, and the pKa and Hill coeﬃcients were
estimated by ﬁtting with the following equation.
Abs ¼ aþ b
1þ 10nðpKapHÞ ð1Þ
where Abs is absorbance at diﬀerence maximum, a and a+b are ab-
sorbance in the completely acidic and alkaline forms, respectively, and
n is an apparent Hill coeﬃcient.
2.4. Equilibrium between PYPL, PYPM and PYP
410
M
Absorption spectra of PYP sample at various pH values under il-
lumination were obtained by steady-state measurement. To estimate
the fractions of PYPL, PYPM and its deprotonated form (PYP
410
M ) at
each pH, the diﬀerence absorption spectrum between the dark state
and the photo-steady-state mixture was decomposed into dark-state
spectrum, diﬀerence spectrum between PYPL and PYP (PYPL/PYP
spectrum), and the sum spectrum of PYPM and PYP
410
M (see Section 3).
PYPM was dominant at acidic pH, whereas the equilibrium shifted
towards PYPL and PYP
410
M after alkalization. Therefore, the equilib-
rium is described as follows:
PYPL ¢
þn1Hþ
n1Hþ
PYPM ¢
n2Hþ
þn2Hþ
PYP410M ð2Þ
The dissociation constants for the left- and right-hand equilibria (K1
and K2, respectively) are expressed as
Kn11 ¼
½PYPL½Hþn1
½PYPM ð3Þ
Kn22 ¼
½PYP410M ½Hþn2
½PYPM ð4Þ
Assuming that no intermediate states are present between PYPL and
PYPM, and between PYPM and PYP
410
M , the fractions of PYPL, PYPM
and PYP410M are given by
½PYPL ¼ 1
1þ 10n1ðpHpK1Þ þ 10n1ðpHpK1Þþn2ðpHpK2Þ ð5Þ
½PYPM ¼ 1
1þ 10n1ðpHpK1Þ þ 10n2ðpHpK2Þ ð6Þ
½PYP410M  ¼
1
1þ 10n1ðpHpK1Þn2ðpHpK2Þ þ 10n2ðpHpK2Þ ð7Þ
The fractions of PYPL, PYPM and PYP
410
M were plotted against pH,
and ﬁtted by these functions using a global ﬁt program (Igor Pro. ver
3.14, WaveMetrix, USA).
2.5. FTIR spectroscopy
FTIR spectra were measured using a BioRad FTS-6000 Fourier
transform infrared spectrophotometer. Temperature of the sample
was maintained by an Oxford Optistat DN optical cryostat. The
sample cell was composed of two CaF2 windows (18 mm diameter)
and a Capton ﬁlm spacer (7.2 mm thickness, Toray-Dupont, Japan),
in which 160 mg ml1 sample was placed. Sample was irradiated with
a 436 nm light obtained using an optical interference ﬁlter (Edmund
Scientiﬁc, USA) and a cold light source (HL150, Hoya-Schott,
Japan).3. Results and discussion
3.1. Equilibrium between PYPM and PYPL
The typical photoreaction of PYP at alkaline pH is shown in
Fig. 2A. PYP at pH 10.0 was excited by a yellow ﬂash (>410
nm) and the subsequent spectral change over a millisecond
time scale was recorded (Fig. 2A). Just after excitation, PYP is
converted to PYPM, as shown by the absorbance decrease at
446 nm, with a concomitant increase at 352 nm. At pH 10.0, a
clear absorbance increase at 485–510 nm was also observed. As
it has not been observed at acidic pH, it is not likely to be a
sub-absorption band of PYPM. Thus, the small absorbance
increase indicates coexistence of a small amount of a red-
shifted intermediate. Since the spectral shape of this red-shifted
intermediate agrees with that of PYPL (see below), it is ten-
tatively identiﬁed as PYPL. PYPL and PYPM decayed with
clear isosbestic points at 483 and 383 nm. The absorbance
changes at 446, 352, and 491 nm are plotted against time after
excitation, and independently ﬁtted with single-exponential
curves (Fig. 2B). As the rate constants at 352, 446, and 491 nm
agreed with each other (3.57, 3.61, and 3.62 s1, respectively),
PYPL and PYPM decay simultaneously in this time scale.
However, transient spectroscopy in microsecond time scale
demonstrated that the apparent decay rate constant of PYPL is
104 s1 at pH 7–10 [4]. These ﬁndings indicate that PYPL
decays as a double-exponential function, having rate constants
of 3 s1 and 104 s1. If PYPL decays irreversibly, the
presence of a slow phase in a millisecond time scale cannot be
explained. Therefore, the agreement between the decay rate
constants of PYPL and PYPM indicates that PYPL is in equi-
librium with PYPM, as shown by Eq. (2). Since the absorbance
increase for persistence of PYPL was small at neutral pH, it has
been overlooked. Thermal equilibrium between PYPL and
PYPM (I1 and I2) has been suggested by the analysis of kinetics
of E46Q [19].
3.2. Calculation of the absorption spectrum of PYPM and its
deprotonated form
Absorption spectrum of PYPM is red-shifted at alkaline pH
[21] (in this paper, PYPM in the red-shifted form is tentatively
called PYP410M ). To analyze in detail the equilibrium between
PYPL, PYPM and PYP
410
M , the absorption spectra of photo-
steady-state mixtures at pH 8.0–11.5 were measured. Typical
data (pH 10.0) are shown in Fig. 3.
Absorption spectra were measured in the dark (curve 1) and
under continuous illumination with >430 nm light (curve 2).
Absorbance at 446 nm was decreased, whereas at 352 and 491
nm was increased by illumination. As shown in the inset of
Fig. 3A, the diﬀerence spectrum between photo-steady-state
and dark state (light/dark spectrum; curve 3 in Fig. 3B) agrees
with the transient diﬀerence spectrum just after excitation
(Fig. 2A). Steady-state diﬀerence spectrum and transient dif-
ference spectrum were measured at several pH values, but
agreed with each other. This indicates that the shift in equi-
librium from the photo-reversal of intermediate(s) using con-
tinuous yellow light is negligible. Steady-state diﬀerence
spectra were used in the analysis below, because steady-state
measurement is superior to transient measurement in terms of
signal-to-noise ratio.
The absorption spectrum of PYP intermediates has re-
cently been studied in detail [18]. However, it was found that
the measured ground state spectrum was not suitable for
Fig. 2. Spectral change of PYP after excitation at alkaline pH. (A) PYP
(10 mM CAPS, 200 mM NaCl, pH 10.0) was excited by a >410 nm
ﬂash and transient diﬀerence spectra before and after excitations were
recorded at 20 C (40 ms interval). (B) Absorbance changes at 352
(decay of PYPM), 446 (recovery of PYP), and 491 nm (decay of PYPL)
were plotted against the time after excitation (20 ms interval). They
were ﬁtted by single-exponential curves, and rate constants were esti-
mated to be 3.57, 3.61, and 3.62 s1, respectively.
Fig. 3. Calculation of the absorption spectrum of a mixture of PYPM
and PYP410M . (A) Absorption spectra of PYP (20 mM glycine, 200 mM
NaCl, pH 10.0) were measured in the dark (curve 1) and under con-
tinuous illumination with a >430 nm light (curve 2) at 20 C. Inset:
Comparison of the light/dark spectrum (curve 3; curve 2 minus curve
1) with the transient spectrum after ﬂash excitation (reproduced from
curve 1 in Fig. 2A). (B) Curve 10 is the mirror image of curve 1 in (A).
Curve 3 is the same as that in the inset of (A). PYPL/PYP spectrum
(curve 4) was reproduced from [22]. Curves 10 and 3 were normalized
by the (diﬀerence) absorbance at 465 nm (isosbestic point of PYPL/
PYP spectrum), and curves 3 and 4 were normalized by the absorbance
at >500 nm. (C) Curve 4 was subtracted from curve 3 to remove the
contribution of PYPL (curve 5). Note that the shape of the spectral tail
at >460 nm was identical to that of PYP (curve 10). The sum of ab-
sorption spectra of PYPM and PYP
410
M (curve 6) was calculated by
subtracting curve 10 from curve 5.
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culated spectrum (combination of skewed Gaussian), in
which the spectral tail of the long-wavelength side (460–500
nm) is sharpened, was used. The mirror image of the dark-
state spectrum (curve 10) is compared with the light/dark
spectrum (Fig. 3B). Spectral disagreement in the long-wave-
length side is also seen in the present experiment. We found
that this deviation agrees well with the PYPL/PYP spectrum
below.
The light/dark spectrum was decomposed into PYPL,
PYPM and PYP
410
M spectra as follows. As the extinction co-
eﬃcients of PYP and PYPL at 465 nm are equal [22], absor-
bance decrease at 465 nm in light/dark spectrum is ascribed to
the conversion from PYP to PYPM and/or PYP
410
M . Thus, the
amplitude of PYP spectrum (curve 10), normalized by the
absorbance at 465 nm in the light/dark spectrum, represents
the amount of PYP converted to PYPM and/or PYP
410
M . To
eliminate the contribution of PYPL from the light/dark spec-
trum, PYPL/PYP spectrum (curve 4) was subtracted from
light/dark spectrum so that the absorbance at >500 nm is
cancelled by eye (curve 5 in Fig. 3C). The shape of the re-
sultant spectrum at >460 nm agreed with that of PYP spec-
trum (Fig. 3C), conﬁrming that the absorption spectrum of
the red-shifted intermediate is indistinguishable from that of
PYPL. Absorption spectrum of the mixture of PYPM andPYP410M at this pH was obtained by subtracting curve 1
0 from
curve 5. These sets of measurements and calculations were
carried out for pH 8.0–11.5.
The amount of PYP converted to PYPM and/or PYP
410
M is
equal to the amplitude of curve 10 at each pH, but it cannot be
compared directly with that at diﬀerent pH values because the
absorption spectrum of PYP is slightly blue-shifted and re-
duced in height at alkaline pH [23] (2 nm blue-shift and 10%
reduction at pH 11 under our experimental conditions). As the
isosbestic point for this spectral change was 414 nm (data not
shown), the amount of PYP converted to PYPM and/or
PYP410M was estimated by absorbance at 414 nm (curve 1
0).
3.3. pH titration of native and denatured PYPM
In addition to PYPL, PYPM and PYP
410
M , pB
0, which is ob-
served between PYPL and PYPM in transient spectroscopy
[18], is possibly formed in the photo-steady-state. As the ab-
sorption spectrum of pB0 is located between PYPM and
Fig. 4. pH titration of PYPM. (A) Absorption spectra of the mixture of
PYPM and PYP
410
M at pH 8.1, 9.3, 9.8, 10.0, 10.2, 10.4, 10.6, 10.8, 10.9,
and 11.0 (curves 1–10, respectively) were calculated according to the
methods in Fig. 3. They are normalized by the amplitude of the dark
state spectrum. Absorption maximum of PYPM in protonated and
deprotonated forms are 357 and 411 nm, respectively. (B) Relative
absorbance at 411 nm in (a) was plotted against pH (closed circles).
For comparison, absorbance at 400 nm of PYP (open squares) and
PYPM (open circles) denatured in the presence of 2 M Gdn-HCl was
plotted against pH.
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The calculated spectra of the mixtures of PYPM and PYP
410
M at
various pH values are shown in Fig. 4A. Absorption spectrum
of PYPM is red-shifted at pH > 9 and ﬁnally the absorption
maximum is shifted to 411 nm. As the isosbestic point wasTable 1
Absorption maxima, pKa and Hill coeﬃcients
PYP PYPM
Na Db N
kmaxc (nm)
Protonated 350 339 357
Deprotonated 446 397 411
pKa 2.5
d 8.4 10.2
Hill coeﬃcient 2.0d 1.0 0.9
aNative state.
bDenatured state.
c Absorption maximum.
dValue from [25].
e Value from [3].
f Estimated from the data in [3].observed at 376 nm in this conversion, the formation of pB0 is
negligible at alkaline pH.
Absorbance at 411 nm was plotted against pH and ﬁtted by
Eq. (1) (Fig. 4B). Apparent pKa and Hill coeﬃcient were es-
timated to be 10.1 and 0.9, respectively. In control experi-
ments, PYP and PYPM were denatured by 4 M Gdn-HCl, and
pH titration experiments were carried out by addition of
NaOH (Fig. 4B). This experiment gave pKa and Hill coeﬃ-
cients of free p-coumaric acid thioester in trans and cis forms.
The results demonstrate that for the cis form, absorption
maximum was shifted from 341 to 399 nm by alkalization
(Table 1). The latter was 12 nm shorter than that of PYP410M .
The apparent pKa and Hill coeﬃcient were 8.6 and 1.0, re-
spectively (Table 1). For the trans form, absorption maximum
was shifted from 339 to 397 nm with a pKa of 8.4 and Hill
coeﬃcient of 1.0 (Table 1). The absorption maxima as well as
pKa of native PYPM were diﬀerent from those of denatured
PYP or PYPM. To conﬁrm whether these diﬀerences are due to
the native structure of the protein moiety, the same titration
experiments were carried out using denatured E46Q and
E46QM. Absorption maxima (339! 396 nm for trans form;
340 ! 398 for cis form), pKa (8.5 for trans and cis forms), and
Hill coeﬃcients (1.1 for trans form, 1.0 for cis form) were
comparable to those of denatured PYP and PYPM, while the
absorption maximum and pKa of dark state E46Q is signiﬁ-
cantly diﬀerent from dark state PYP (Table 1). Therefore, the
pKa and absorption maximum of PYPM are regulated by
the native structure of the protein moiety, indicating that the
chromophore of PYPM is not completely exposed to solvent.
3.4. pH-dependent equilibrium between PYPL, PYPM and
PYP410M
The amount of PYPL in the photo-steady-state mixture is
proportional to the amplitude of the PYPL/PYP spectrum
subtracted from the light/dark spectrum (Fig. 3, curve 4). The
extinction coeﬃcient of PYPL at 475 nm is 1.9 times larger
than that of PYP [10]. Using this value, the amount of PYP
converted to PYPL was calculated. Ratios of PYPM and
PYP410M were estimated from Fig. 4. The amounts of PYPM,
PYP410M and PYPL in the photo-steady-state mixture were
plotted against pH to quantitatively analyze the pH-dependent
equilibrium between PYPM, PYP
410
M and PYPL, (Fig. 5). They
were ﬁtted with Eqs. (5)–(7) using a global ﬁt program (Fig. 5),
which gave values of 10.4 and 10.2 for pK1 and pK2, and 0.4
and 0.9 for n1 and n2, respectively. As apparent Hill coeﬃcients
for PYPM, denatured trans and cis forms were 1 (Table 1),E46Q E46QM
D N D D
341 353 339 340
399 460 396 398
8.6 5.3e 8.5 8.5
1.0 0.9f 1.1 1.0
Fig. 6. FTIR spectroscopy of PYP at alkaline pH. PYP was suspended
in 100 mM glycine buﬀer containing 200 mM NaCl at pH 9.0, 10.0,
and 11.0. Diﬀerence FTIR spectra between dark (negative) and photo-
steady-state produced by 436 nm light (positive) were measured at
20 C. Scale bars represent 0.01 absorbance units. Note that the
1170 cm1 mode observed for photo-steady-state was intensiﬁed by
alkalization.
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protonation of the chromophore. However, n1 was estimated
to be 0.4, suggesting that the reverse reaction from PYPM to
PYPL driven by alkalization is not explained solely by de-
protonation of the chromophore. It is consistent with the fact
that large protein conformational changes take place on con-
version from PYPL to PYPM.
3.5. Structure of PYP410M and PYPL
A detailed study of PYP photocycle at alkaline pH clearly
demonstrated the formation of a red-shifted intermediate over
a millisecond time scale. As its absorption spectrum agrees well
with PYPL and it decays concomitant with PYPM, it is rea-
sonable to speculate that PYPL is in equilibrium with PYPM.
The agreement of absorption spectra suggests that the chro-
mophore structures and chromophore/protein interactions of
PYPL over the microsecond and millisecond time scales are
comparable.
To obtain information about the protein structure of PYP410M
and PYPL, diﬀerence FTIR spectra between dark state and
photo-steady-state were recorded at pH 9–11 (Fig. 6). The
1163 cm1 mode for dark state is the marker of deprotonation
of the chromophore [24]. It disappeared for photo-steady-state
at pH 9.0, indicating that the chromophore of PYPM is pro-
tonated. However, its complementary mode at 1170 cm1 was
observed for photo-steady-state at pH 10–11, which is con-
sistent with the formation of PYP410M and PYPL. The positive
band at 1732 cm1, which is assigned to protonated Glu46, is
observed for PYPL trapped at 193 K [13] or a microsecond
time scale [12]. However, the signiﬁcant shift of 1736 cm1
mode was not detectable from alkalization. The amount of
PYPL is too small to measure a high quality FTIR spectrum,
but the possibility that the protein structure of PYPL in the
millisecond time scale is diﬀerent from that in the microsecond
time scale cannot be excluded.
PYP410M is formed at high pH and seems to be an alkaline-
denatured form. However, FTIR spectroscopy demonstrated
that the absorbance change in amide I mode of PYP410M /PYP
spectrum was comparable to that of PYPM/PYP spectrum,
indicating that the protein structures of PYP410M and PYPM are
comparable. Thus, the protein conformation of PYPM is in-
dependent of the protonation state of the chromophore. It
should be noted that the negative band at 1737 cm1 wasFig. 5. pH-dependent equilibrium between PYPM, PYP
410
M and PYPL.
Fractions of PYPM, PYP
410
M and PYPL under >430 nm illumination at
various pH values were estimated as shown in Fig. 3. They are plotted
against pH.observed at pH 11.5 (data not shown), indicating that Glu46 is
protonated in the dark state even at pH 11.5.
The pKa of the chromophore of PYPM was 10.2, which is
higher than that of denatured cis-p-coumaric acid thioester
(8.6). In addition, the absorption maximum of PYP410M (411
nm) was red-shifted from the deprotonated chromophore in
the denatured state (399 nm). In the dark state, chromophore
is embedded in the hydrophobic pocket and interacts with
Tyr42 and Glu46, resulting in an extremely low pKa of the
chromophore and an absorption maximum in the visible re-
gion. It is reasonable to speculate that the chromophore of
PYPM interacts with nearby amino acid residue(s), although
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